The prognosis of uveal melanoma (UM) remains poor due to a high risk of metastatic disease. No effective therapies have been described for metastatic UM, and new therapies are needed to improve the outcome for these patients. To achieve this goal, new preclinical animal models are needed. Existing animal models, including genetically engineered mice and orthotopic xenograft models in immunodeficient animals, are inadequate for modelling human disease. In this review, we present the development and characterization of a large panel of UM patientderived xenografts (PDXs). Based on molecular features as identified in patient tumors, i.e. histopathological classification, specific gene mutations, as well as genomic and gene expression profiles, we show that PDXs closely resemble many important genetic and histological aspects of human UM with a remarkable stability over the course of their in vivo maintenance. Our techniques for establishing and maintaining primary UMs as xenograft tumors in immunodeficient mice provide a high degree of genetic conservation between the primary tumor and its xenograft over multiple in vivo passages. These models therefore represent a significant advance in the resources available for drug screening and studies of the pathogenesis of UM.
Introduction
The continuously growing body of knowledge concerning oncogenesis allows the identification of new molecular pathways and therefore of new potential targeted compounds, increases the efficacy of antitumor treatments, and improves the outcome of cancer patients. However, the very large number of therapeutic candidates would require numerous clinical trials to assess their efficacy and identify predictive markers of response and/or resistance. This issue is reinforced by the modern management of cancer patients in which multiple targeted therapies are combined. As early clinical trials may show unexpected and unacceptable toxicities, and as they are time-consuming and expensive, it is of importance that new compounds are strictly selected. Such screening is particularly requested in rare diseases for which clinical studies are more difficult to repeat. In order to identify the potentially most effective and most specific molecules, the preclinical investigation of new compounds constitutes a crucial step in the drug development process, highlighting the role of relevant tumor models.
Three main categories of preclinical cancer models are generally used in preclinical investigations, namely (1) genetically engineered models (GEMs), (2) xenografts derived from human tumor cell lines, and (3) human tumor fragments obtained from patients directly transplanted into immunodeficient mice without intermediate in vitro passage, which are known as patientderived xenografts (PDXs). Each of these models possesses theoretical and practical advantages and disadvantages: on the one hand, PDXs accurately reproduce the marked heterogeneity of human malignancies, particularly when large panels of a specific tumor type are available [1] . Procedures for the assessment of a drugs' therapeutic efficacy have been well standardized and readily allow the evaluation of drug combinations, particularly for the purposes of objective biostatistical assessment [2] . Finally, the possibility of ex vivo genetic or therapeutic manipulations before xenotransplantation constitutes an argument in favor of their use. On the other hand, GEMs often provide specific molecular targets highly suited to the preclinical assessment of the corresponding targeted compounds. Tumor growth occurs spontaneously in situ and in organ-specific sites, reproducing the situation observed in human cancers. Interactions between tumor and stroma, i.e. neoangiogenesis and the action of the innate immune system, appear to closely mimic human situations. In contrast, assessment of therapeutic efficacy could be hampered in case of nonsuperficial, delayed, or a low incidence of tumor growth.
With a stable annual incidence of 4.3 per million (95% confidence interval: 4.1-4.5) in the United States, i.e. 1,200-1,500 new cases each year, uveal melanoma (UM) is a rare human malignant disease [3] but constitutes the most common primary intraocular tumor in adults [4] . In almost all cases, it arises in the pigmented uveal tract including the choroid, ciliary body, and iris [5] . In case of advanced local disease, retinal detachment and loss of vision can occur. In contrast to cutaneous melanoma, an association between UM and ultraviolet light has not been clearly established [6, 7] . While metastatic UM is extremely rare at the time of initial diagnosis, and despite a 10-year local control rate of 95%, up to 50% of UM patients may die from metastases [8] . The liver represents the most frequent site of metastases (89% of cases) and the only diagnosed site of dissemination in about half of the patients [9] .
Hence, to improve the outcome of UM patients, new therapies are warranted. However, because of the very low incidence of the disease, it would be difficult to conduct numerous clinical trials to test the efficacy of innovative therapeutic agents administered alone or in combination. It is therefore mandatory to develop preclinical models that accurately reproduce the molecular features of human UM and display a high predictive value for clinical efficacy in patients. The aim of this review is to present data on the development of UM PDXs from our laboratory [10, 11] .
Establishment of a Panel of UM PDXs
To allow in vivo pharmacological experiments directed by tumor molecular features, one needs to have a panel of human tumors grown in mice. We obtained 90 UM samples from primary tumors or metastases and were able to successfully develop 25 viable PDXs in SCID mice (take rate, 28%) [10] . It is noteworthy that no clinical features of tumor presentation, i.e. tumor site, diameter, thickness, retinal detachment, or extraocular growth, nor any histopathological characteristics, such as epithelioid, spindle, or mixed cell morphology, ciliary body involvement, or mitotic index, were predictive of in vivo tumor growth [10] . With regard to the mutation status of the transplanted patient tumors, we found that significantly fewer GNAQ -mutated tumors were able to grow in mice (p < 10 -3 ), and, inversely, a significantly higher proportion of GNA11 -mutated tumors were able to grow after in vivo transplantation (p < 0.05). In contrast, no impact of BAP1 mutation was observed on in vivo tumor take [11] . Similarly, we did not find that the presence of monosomy 3 increased in vivo tumor growth [10] . However, one predictor was found: the tumor take rate was significantly increased when the tumor tissue was derived from metastases versus primary intraocular tumors, with take rates of 52.9 and 21.9%, respectively (p = 0.02) [10] .
In this panel of UM PDXs, an extensive characterization has been performed to validate their in vivo preclinical use. This characterization included histopathological analyses as well as genetic, genomic, and gene expression profiles. A double comparison was performed, as we did not only compare the PDXs to their original patient samples, but also examined PDXs at various subsequent in vivo passages. All these data are summarized in table 1 .
Histopathological Features of UM PDXs
In the 16 UM PDXs that were compared to their original human tumor, we observed a complete concordance in 11 cases in terms of histopathological classification (pure epithelioid cells, mixed cells with a predominance of epithelioid cells, or spindle cells) [10] . In 3 cases in which the patient's tumor showed a mixed cellularity, xenografts were defined as epithelioid cells, and in 1 case of a patient's epithelioid cell tumor, the corresponding PDX showed mixed cellularity. Finally, in the last case, tumor cells were of the epithelioid type in PDX and of the spindle cell type in the patient's tumor. This apparent discrepancy could be explained by the presence of a small epithelioid contingent not observed in the histologic section, which may have possessed a higher capacity for in vivo engraftment than spindle tumor cells. Two examples are shown in figure 1 .
Genomic Alterations of UM PDXs
Various recurrent genomic abnormalities as chromosomal losses (L) or gains (G) have been observed in human UM. The two most frequent alterations concern L3 (short and long arms of chromosome 3) and G8q. However, some other genomic alterations have been observed, i.e. G6p, L6q, L8 (short and long arms), L16q, L1p, and others. Some genomic alterations have been associated with a worse prognosis, such as genetic imbalance [12] , L3 [13, 14] , G8q [15, 16] , and L1p [16] . In contrast, G6p has been correlated with a better prognosis [16] . Concomitant abnormalities have also been described and may impact the prognosis of UM patients [17] [18] [19] . In a previous study [11] , of the 13 analyzed PDXs, we observed a loss of chromosome 3 in 10 cases (77%) and a gain of 8q in all cases. Other abnormalities were also found, i.e. loss of 1p in 8 cases (62%), gain of 1q in 8 cases (62%), gain of 6p in 6 cases (46%), loss of 6q in 11 cases (46%), gain of 8p in 7 cases (54%), and loss of 16q in 6 cases (46%). These genomic profiles reveal that all UM PDXs are derived from high-risk tumors. When PDXs are compared to their originated patient tumors, the frequent chromosomal alterations in up to 50% of cases in patients' tumors are similar in the corresponding xenografts, with a total correlation score of 0.89. This strong correlation per model is significantly higher than the correlation observed between all samples by study of correlation distributions with the KolmogorovSmirnov test (p < 2.2e-16). When various in vivo passages (P1, P4, and P9) are compared for the same PDXs, we found a high level of conservation of genomic profiles. Given the long interval between the first and the ninth passage (between 18 and 38 months), we can conclude that there is a high degree of genomic stability in these PDXs.
Genetic Features of UM PDXs
Various gene mutations have been described in human UM tumors, i.e. exclusive mutations of the two GTPase genes GNAQ [guanine nucleotide-binding protein G(q) subunit alpha] and GNA11 [guanine nucleotide-binding protein G(q) subunit 11] have been observed in about 80% of cases [20] [21] [22] , mutations in the BAP1 gene (BRCA1-associated protein 1) in about 40-50% of cases [23] , and mutations in the SF3B1 gene (splicing factor 3B subunit 1) in about 20% of cases [24] . In contrast to cutaneous melanomas in which BRAF mutations have been found in 66% of cases [25] , no BRAF mutations, except in one series, have been found in UM tumors.
As shown in table 1 , among the 17 studied PDXs, GNAQ , GNA11 , BAP1 , and SF3B1 mutations have been found in 6 (35%), 11 (65%), 8 (47%), and 3 (18%) cases, respectively. Most of the GNAQ mutations observed were missense mutations in exon 5 (c.626A>C), changing a glycine to a proline, leading to a major modification of the alpha subunit. GNA11 mutations were mostly found in exon 5 on the same Gln209. All BAP1 mutations are deleterious mutations that impact the nucleus localization of the protein. No BRAF mutations were detected. In all cases, a complete concordance was observed between the PDXs and the original patient's tumor.
Gene Expression Profiles of UM PDXs
Using Affymetrix GeneChip ® Human Exon 1.0 ST arrays, 10 coupled original tumors and their corresponding PDXs have been studied. About 700 genes were found to be differentially expressed between patient tumors and xenograft (P1 and P4), representing 3% of all genes available on the microarrays. About two thirds of the 700 genes differentially expressed between patient tumors and xenografts were overexpressed in the patient tumors, and about one third of the genes were overexpressed in the xenografts [11] . Enrichment analysis of these differentially expressed genes by hypergeometric tests revealed gene overexpression in the immune system, extracellular matrix, and angiogenesis biological process categories in patient tumors compared to xenografts; conversely, overexpression of genes of the cell cycle, DNA repair, and kinase activity biological process categories were found in xenografts compared to patient tumors. Such downregulation of genes involving the immune system, extracellular matrix, and angiogenesis may be due to the presence of human stromal cells in patient tumors and murine stromal cells in xenografts and may explain the relatively low clustering of patient tumors and xenografts. Finally, when gene expression profiles were compared for the same PDX at various passages, we found that no genes were differentially expressed (false discovery rate < 0.01) between xenografts at very early and early in vivo passages.
To complete the gene expression analyses of our UM PDXs panel, we evaluated the previously reported 15-gene expression profiling (GEP) assay [26] that discriminates between primary UMs and categorizes them into two prognostic subgroups (class 1 -low metastatic risk, and class 2 -high metastatic risk). As we reported earlier [11] , among 14 xenografts analyzed, 10 were classified as high risk and 4 as low risk by using GEP, which shows that poor prognosis UM tumors were overrepresented in our PDX panel. Importantly, a complete concordance was found between patient tumors and their corresponding xenografts in terms of GEP classification.
Pharmacological Characterization of UM PDXs
In order to validate the predictive value of PDXs for treatment efficacy, determination of the response to standard chemotherapies constitutes a first and necessary step of PDX characterization in most human cancers. As no efficient cytotoxic agent has been reported for UM as yet, the applicability of PDXs needs to be investigated. This is particularly highlighted in the current molecular management of malignancies where the real issue concerns in fact the predictive value of PDXs as comparted to the clinical efficacy of targeted therapies used alone or in combinations. Moreover, it is important to mention that targeted therapies could not be directed by exclusive classical MTD (maximal tolerated dose) criteria, as is often done with standard chemotherapeutic agents. Indeed, what is probably of high importance for targeted therapies is obtaining pharmacodynamic data that are able to state how well the target is reached, how this targeting impacts the tumor responses, and how the therapy can be improved in low-responding or refractory patients and in case of acquired resistance.
Despite all of these considerations, we evaluated the efficacy of well-used standard chemotherapies in UM patients, i.e. of the drugs fotemustine and dacarbazine/temozolomide. Fotemustine was used at an intraperitoneal dose of 30 mg/kg on days 1-3 every 3 weeks. We observed different responses among our UM PDXs, ranging from primary resistance to complete remission ( fig. 2 ) . We have also evaluated the efficacy of bendamustine, which is a cytotoxic agent containing the bifunctionally alkylating nitrogen mustard group and an additional purine nucleus. In 4 UM PDXs of our panel, bendamustine induced moderate tumor growth inhibition from 30 to 53%, without any dose-response effect, and less efficiency than fotemustine ( fig. 3 ). This preclinical trial was particularly interesting because our PDXs showed a high predictive value for the response to bendamustine of UM patients. Indeed, one clinical trial performed in metastatic UM patients did not find any efficacy in 9 evaluable cases [27] .
Conclusions
Our data clearly indicate that our UM xenograft preclinical studies constitute relevant and predictive models for pharmacological assessments. According to the molecular assessment, our panel of xenografts can represent a valuable tool to test therapeutic efficacy of standard and innovative treatments in humans. In the context of UM, in which a number of targeted therapies are currently under investigation [12] , our models offer well-defined tumors in terms of mutational and genomic status, unregulated signalling pathways, as well as gene and protein expression. Based on these features, preclinical trials may hopefully define the best compound(s) and the best combination(s) of treatments to be translated into clinical trials. In this view, systematic genetic and molecular analysis of primary tumors is therefore recommended in the future, with material obtained from enucleations, transvitreal or transcleral needle biopsies to allow future adjuvant trials based on newly identified biological targets. Such approaches should thus improve the outcome of UM patients.
